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Edited by Miguel De la RosaAbstract High light illumination of photosynthetic organisms
stimulates the production of singlet oxygen by photosystem II
and causes photooxidative stress. In Chlamydomonas rein-
hardtii, singlet oxygen also induces the expression of the nucle-
ar-encoded glutathione peroxidase homologous gene GPXH.
We provide evidence that singlet oxygen stimulates GPXH
expression by activating a signaling mechanism outside the thy-
lakoid membrane. Singlet oxygen from photosystem II could be
detected with speciﬁc probes in the aqueous phase of isolated thy-
lakoid suspensions and the cytoplasm of high light stressed cells.
This indicates that singlet oxygen can stimulate a response far-
ther from its production site than generally believed.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Singlet oxygen (1O2) is a non-radical reactive oxygen spe-
cies (ROS). In photosynthetic organisms 1O2 can be gener-
ated photodynamically, in a reaction between excited
chlorophyll in the triplet state and ground state molecular
oxygen, 3O2.
1O2 production is strongly enhanced in photo-
synthetic organisms exposed to excess light [1–3] causing
damage to lipids, proteins and the DNA. In the photosyn-Abbreviations: DanePy, (3-[N-(b-diethylaminoethyl)-N-dansyl]amino-
methyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrole); GPXH, glutathi-
one peroxidase homologous gene; HL, high light intensity; IF,
isoxaﬂutol; NF, norﬂurazon; PSII, photosystem II; 1O2, singlet
oxygen; RB, Rose Bengal; ROS, reactive oxygen species; TBARS,
thiobarbituric acid reactive substances; TEMPD, 2,2,6,6-tetramethyl-
4-piperidone
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doi:10.1016/j.febslet.2007.11.003thetic membrane, however, 1O2 is usually detoxiﬁed by eﬃ-
cient lipid-soluble antioxidants like carotenoids and a-
tocopherol. In the antenna, the dangerous triplet state of
chlorophylls can be quenched directly by carotenoids in close
proximity [4]. In the photosystem II (PSII) reaction center,
two b-carotenes are involved in quenching of 1O2 formed
by charge recombination reactions [5,6]. a-Tocopherol is an
eﬃcient radical scavenger and protects against lipid peroxida-
tion in membranes [7–9]. Furthermore, a-tocopherol has been
shown to decrease the extent of the light-induced loss of PSII
activity (photoinhibition) and the degradation of the D1 pro-
tein (protein of the PSII reaction center), suggesting an
important function for a-tocopherol as a 1O2 scavenger in
the photosynthetic apparatus [10,11]. Because carotenoids,
a-tocopherol and many other biomolecules have high reactiv-
ity to 1O2, the diﬀusion of this ROS has been assumed to be
very limited, even within the thylakoid membrane [5,12].
Thus, 1O2 has not been considered as a signaling molecule
in photosynthetic organisms until recently, when it was
shown to activate nuclear gene expression in Arabidopsis
thaliana and Chlamydomonas reinhardtii [13–15]. Using C.
reinhardtii, we demonstrated that 1O2 produced by charge
recombination in the PSII reaction center during high light
(HL) illumination was able to stimulate transcription of the
glutathione peroxidase homologous gene GPXH which is in-
volved in the defense against photooxidative stress [16–18].
Apart from exposure to HL, the GPXH gene is also strongly
induced by 1O2 generated in the aqueous phase of the cell
with hydrophilic, exogenous photosensitizers like Rose Ben-
gal (RB) [14]. In Arabidopsis, 1O2 produced by the accumula-
tion of protochlorophyllide in the ﬂu mutant was shown to
induce a genetic response involving two plastid localized pro-
teins EXECUTER1 and EXECUTER2, indicating the gener-
ation of a more stable second messenger within the plastid
[19,20]. Still, it is not clear how 1O2 can function as a signal
molecule in the cell, in an environment rich in both potential
targets for oxidation and antioxidants. To study this, we used
C. reinhardtii cells with suppressed 1O2 scavenging abilities
and measured GPXH induction proﬁles by diﬀerent 1O2
sources. Our results indicate that 1O2 may leave the thylakoid
membrane to stimulate the GPXH expression. 1O2 from the
PSII reaction center was detected in the cytoplasm with a
1O2-speciﬁc ﬂuorescent dye suggesting that this molecule
can reach diﬀerent cellular compartments.blished by Elsevier B.V. All rights reserved.
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2.1. Growth conditions and lipid peroxidation measurement
C. reinhardtii strain cw15arg7mt
 (CC-1618) was grown in tris-acetate-
phosphate (TAP) medium [21] at 25 C on a rotatory shaker (150 rpm)
under constant illumination with white light of 120 lmol m2 s1 pho-
tosynthetically active radiation to a density of 5 · 106 cells ml1.
Growth was analyzed by measuring the absorbance at 750 nm. Lipid
peroxidation was quantiﬁed in at least three independent experiments
by measuring the reactivity of the lipid hydroperoxide degradation
product malondialdehyde with thiobarbituric acid as described
earlier [18].2.2. Spin-trapping of 1O2 by TEMPD
For spin-trapping assays, thylakoid membrane suspensions with a
chlorophyll content of 10 lg/ml were illuminated for 10 min with
1600 lmol quanta m2 s1 light in the presence of 100 mM 2,2,6,6-
tetramethyl-4-piperidone (TEMPD). Cell wall less Chlamydomonas
cells were broken by three cycles of freeze-thawing. After centrifuga-
tion thylakoid membranes were resuspended in a buﬀer containing
0.3 M sucrose, 1 mM CaCl2, 10 mM KCl, 10 mM MES, pH 6.7. Thy-
lakoid membrane suspensions were separated into aqueous and
membrane-containing phases by ultraﬁltration (Amicon Ultra-4, Mil-
lipore) and the phases were measured separately. First, dark controls
were measured to detect any impurities of the EPR spin trap. X-band
spectra were recorded at room temperature with a Bruker ESP 300
spectrometer at 9.7 GHz microwave frequency, 63 mW microwave
power, 100 kHz modulation frequency and a modulation amplitude
of 2 G.2.3. Fluorescent 1O2 detection
1O2 was detected using a hydrophilic oxalate salt of the previ-
ously described 1O2 trap 3-[N-(b-diethylaminoethyl)-N-dansyl]amino-
methyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrole (DanePy) [22].
Localization of DanePy-oxalate in C. reinhardtii was studied by incu-
bating cells with 500 lM DanePy-oxalate at room light for 15 min
and examining them with a confocal laser scanning microscope
(Olympus FV1000 LSM) without cover glass. Accumulation of the
dye was visualized by excitation with a laser photodiode at 405 nm
and detecting the emission at 505–550 nm, whereas thylakoids were
localized by chlorophyll ﬂuorescence (excitation 488 nm, emission
650–750 nm). Due to the short lifetime of C. reinhardtii on the
LSM sample holder, changes in DanePy-oxalate ﬂuorescence during
HL-treatment were followed at room temperature with a Quanta
Master QM-1 (Photon Technology Int. Inc., USA) spectroﬂuorome-
ter using 330 nm excitation as described earlier [2]. This also allowed
measuring a composite, average signal from a large number of cells,
rather than comparing a few individuals. The percentage of quench-
ing in the light was highly reproducible. However, the total ﬂuores-
cence varied signiﬁcantly between cells from diﬀerent cultures. In
some cultures, for unknown reasons, the ﬂuorescence increased upon
incubation with the dye. When this occurred the culture was dis-
carded. Experiments were performed only on cultures in which the
maximal ﬂuorescence level was unaﬀected by dark incubation of
the cultures with the dye.2.4. RNA isolation and real-time RT-PCR
Total RNA was isolated from treated and control cultures by the
Trizol method as described earlier [15]. For real-time RT-PCR exper-
iments, 200 ng of individual total RNA was transcribed into single
strand DNA with an oligo-dT and a speciﬁc 18S-rRNA primer using
a reverse transcription kit (Applied Biosystems) according to the manu-
facturer’s instruction. Sequences of the primers for real-time RT-PCR
were designed with the Primer Express software (Applied Biosys-
tems) using the sequence e of the 3 0 untranslated region of the GPXH
gene and of the coding region of the 18S-rRNA (used for normaliza-
tion of variable total RNA levels) as a template. Real-time RT-PCR
reactions were performed on the ABI Prism 7000 Sequence Detection
System (Applied Biosystems) as described earlier [15]. Average induc-
tion factors and standard errors were calculated out of three indepen-
dent experiments.3. Results
3.1. Deﬁciency in lipophilic antioxidants stimulates HL-induced
but not RB induced GPXH expression
1O2producedbyPSII reaction centersofC. reinhardtii exposed
to HL intensity can induce the expression of the GPXH gene,
despite the presence of eﬃcient quenching mechanisms [16]. To
further investigate the role of 1O2 in signaling originating from
the thylakoidmembranes, cells depleted in either of the twomain
1O2 quenchers in the photosynthetic membrane, carotenoids or
a-tocopherol,were exposed toHL illuminationorRB-treatment.
Reduced levels of the antioxidants were achieved by a 16 h prein-
cubation of photomixotrophically grown cultures in either
0.5 lM norﬂurazon (NF), an inhibitor of the phytoene desatur-
ase participating in carotenoid synthesis, or 50 lM isoxaﬂutole
(IF), inhibiting the hydroxyphenylpyruvate dioxygenase in-
volved in tocopherol synthesis. After this pretreatment cells were
still able to grow in low light even though with a reduced rate for
NF-treatment (Fig. 1A). After lowering the antioxidant capacity
with one of the above treatments, the cells were exposed to the
1O2-generating photosensitizer RB or to HL illumination, which
leads to increased 1O2 production by the photosynthetic appara-
tus. Illumination of control cultures with 1600 lmol m2 s1
light (HL) and treatment with 0.8 lMRB under low light condi-
tion (120 lmol m2 s1) caused a similar decrease of absorption
at 750 nm, indicating that these stress conditions were compara-
ble. However, the NF- and IF-incubated cultures responded dif-
ferently, where depletion of lipophilic antioxidants strongly
enhanced the HL-induced decrease in absorption at 750 nm
but did not aﬀect RB-treated cultures (Fig. 1A).
To analyze membrane located photodamage in the diﬀerent
cultures, the accumulation of lipid hydroperoxides was analyzed
by quantifying thiobarbituric acid reactive substances (TBARS).
Remarkably, IF pre-treatment reduced TBARS levels in a low
light grown control culture suggesting that in these cells the de-
fense against lipid peroxidation was already stimulated
(Fig. 1B). Alternatively, IF could directly aﬀect the TBARS as-
say causing an underestimation of hydroperoxide levels. In HL
exposed cultures, however, NF-treatment strongly and IF-treat-
ment slightly stimulated the formation of lipid hydroperoxides
indicating an increased ROS formation in the thylakoid mem-
brane (Fig. 1B). TBARS levels were only slightly increased in cul-
tures treated with 0.8 lMRB,which leads to high 1O2 formation
in the aqueous phase, and were not stimulated by depletion in
lipophilic antioxidants.
We further tested the response of the GPXH gene in the her-
bicide-treated cultures exposed for 1 h to HL- or RB-treatment
with real-time RT-PCR. After this short period of stress, the
GPXH mRNA levels were shown to respond mainly to the
increased formation of 1O2 in the cell [18]. The slight upregu-
lation of GPXH by HL in the control culture was signiﬁcantly
stimulated in NF- and IF-grown cultures (Fig. 1C). To avoid a
limitation of the RB-response by maximal induction (about
80-fold after 1 h [15]), the RB concentration was lowered to
0.3 lM. Under this condition a 35-fold upregulation of the
GPXH expression was detected in the control culture and this
response was not further stimulated in NF- and IF-treated
cultures.
3.2. 1O2 from the PSII reaction center can leave the chloroplast
The fact that the GPXH induction by RB was not aﬀected by
a depletion of lipophilic antioxidants indicates that the sensor
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Fig. 1. The eﬀect of inhibitors of lipophilic antioxidants on: (A) cell growth, (B) lipid peroxidation and (C) GPXH induction was tested under
illumination with high light (HL, 1600 lmol m2 s1) or in the presence of RB and low light (LL, 120 lmol m2 s1). Cultures were grown with either
0.5 lM NF or 50 lM IF (open symbols) or without chemicals (closed symbols) for 16 h before they were exposed to high light (HL, triangles, solid
lines) or 0.8 lMRB at 120 lmol m2 s1 (RB, squares, dotted lines) Control cultures were grown under low light (LL, diamonds, dashed lines). Cell
growth was measured by following the absorption at 750 nm (A), lipid peroxidation was analyzed after 3 h (B) and GPXH induction (C) after 1 h of
stress treatment. Signiﬁcant (P < 0.05) diﬀerences to the corresponding samples without pre-treatment are indicated by a star.
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cated in the aqueous phase of the stroma or the cytoplasm. This
raises the question whether 1O2 produced within the thylakoid
membrane of HL-illuminated cells can also penetrate to this
location to activate the same response. This can be tested by
searching for 1O2 in the cytoplasm of cells exposed to HL.
The ﬂuorescent 1O2 sensor DanePy has been widely used as spe-
ciﬁc detector for 1O2 in photosynthetic organisms including C.
reinhardtii [2,23]. Due to its hydrophilic nature, the oxalate
form of DanePy did not enter the chloroplast of Chlamydo-
monas but was present in the cytoplasm (Fig. 2). Partial
quenching of DanePy-oxalate ﬂuorescence indicated the pres-
ence of 1O2, but this was only found at a very HL intensity of
3500 lmol m2 s1 (Fig. 2), whereas no quenching could be
measured at 1600 lmol m2 s1 (data not shown). The 8%
quenching at 3500 lmol m2 s1 was more than twofold stimu-
lated by the addition of the phenolic herbicide bromoxynil
(19% quenching), which is known to increase 1O2 formation
in the PSII reaction center [24]. DCMU, a urea herbicide which
lowers 1O2 production in PSII, reduced the level of
1O2 mea-
sured in the cytoplasm of HL-treated cells resulting in a residual
2% quenching of the DanePy-oxalate ﬂuorescence.
To conﬁrm the presence of 1O2 in the aqueous phase, the
hydrophilic spin trap TEMPD [25] was used in suspensions of
thylakoid membranes fromC. reinhardtii. Due to its hydrophilic
nature, TEMPD only reacts with 1O2 in the aqueous phase.
After exposure of the thylakoid suspension to HL intensity of
1600 lmol m2 s1 for 10 min, a characteristic EPR signal of
the 1O2-TEMPD adduct was detected in the aqueous phase,but not in membranes (Fig. 3). The EPR signal was slightly in-
creased by the addition of bromoxynil and lowered by DCMU,
indicating that the 1O2 detected originated from charge recom-
bination reactions inside the PSII reaction center [24].4. Discussion
1O2 was shown to be involved in plastid to nucleus retro-
grade signaling in several photosynthetic organisms [13,16],
however, still little is known about its role as signaling mole-
cule. Due to its high reactivity, 1O2 is generally assumed to re-
act close to its production site [5,12], although diﬀusion of 1O2
over 270 nm was recently shown to be possible in rat nerve
cells [26]. Our data strongly suggest that 1O2 produced in the
photosynthetic apparatus of C. reinhardtii under HL is capable
of leaving the thylakoid membrane and reaching the cytoplasm
or even the nucleus. The lifetime of 1O2 in a neuron has been
measured to be approximately 3 ls [26]. In C. reinhardtii, with
an average cell diameter of 5 lm and an estimated chloroplast
to nucleus distance of 150–600 nm, a fraction (5–10%) of 1O2
may be able to diﬀuse over this distance. Thus, 1O2 has the
potential to act as a signaling molecule leaving the chloroplast
and activate nuclear gene expression in C. reinhardtii. This
might occur by direct diﬀusion or, alternatively, by a chain
reaction process where 1O2 stimulates the formation of lipid
hydroperoxides which can decompose into peroxyl radicals
to generate 1O2 again (Russell mechanism) [27]. Still, the
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Fig. 2. Diﬀerent localization of DanePy-oxalate and chlorophyll ﬂuorescence in C. reinhardtii cells is shown by ﬂuorescent microscopy,
demonstrating that this dye cannot enter the chloroplast. Fluorescence spectra of the DanePy-oxalate in cells incubated in the dark (black line) or HL
of 3500 lmol m2 s1 (blue lines) in the presence of either 100 lM bromoxynil (dashed line) or 20 lM DCMU (dotted line) are shown. The
background signal (grey line) was measured in the absence of DanePy-oxalate. The amount of quenching was highly reproducible (variations between
diﬀerent cultures <±3%).
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of the overall amount of 1O2 produced inside the thylakoid
membrane and hence it is detectable only at very HL intensi-
ties. Nevertheless, our experiments with bromoxynil and
DCMU proved that the amount of 1O2 detected correlated
with 1O2 generation in the PSII reaction center.
Apart from 1O2 trapping data demonstrating traces of
1O2
from PSII in the cytoplasm, there are several lines of evidence
that 1O2 might stimulate GPXH expression outside the thyla-
koid membrane of C. reinhardtii cells exposed to HL. First,
GPXH was strongly induced by RB under conditions when
there was no detectable oxidation of membrane lipids
(Fig. 1B and C). This indicates that a putative sensor for 1O2
is located much closer to the hydrophilic photosensitizer than
to any membrane lipid prone to oxidation by 1O2. Localization
of the 1O2 sensor in the stroma or even the cytoplasm is further
supported by the fact that depletion in lipophilic antioxidants
in photosynthetic membranes did not aﬀect the induction of
the GPXH gene by RB (Fig. 1C). Second, the GPXH expres-
sion was induced only at relatively HL intensities (Fig. 4)
which was also required to detect any 1O2 in the cytoplasm
by DanePy-oxalate.Quantiﬁcation of 1O2 revealed that the amount of
1O2
detected in the aqueous phase of isolated thylakoid membranes
exposed to 1600 lmol m2 s1 was comparable to the amount
produced by a 0.3 lM RB solution at 120 lmol m2 s1
(Fig. 3). However, the induction of the GPXH gene was much
lower in cells exposed to 1600 lmol m2 s1 than to 0.3 lM
RB (Fig. 1C) indicating that the sensor for 1O2 might be far
away from the photosynthetic apparatus, e.g. in the stroma
or the cytoplasm. Deﬁciency in lipid-soluble antioxidants like
carotenoids or a-tocopherol stimulated the HL response of
GPXH indicating that under these conditions the amount of
1O2 leaving the photosynthetic membrane has increased. The
production of 1O2 in isolated PSII complexes was shown to in-
crease with increasing light intensities [24]. Similarly, GPXH
expression rises with the light intensity (Fig. 4) but only under
conditions when the production of 1O2 overwhelmed the
capacity of the lipid-soluble antioxidants in the photosynthetic
membrane, e.g. at very HL intensities or after prolonged
exposure to HL illumination. Thus, 1O2 that leaves the thyla-
koid membrane might be a signal to activate the defense
against extreme photooxidative stress, when other protection
mechanisms are exhausted.
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Fig. 4. Light-dependent induction of the GPXH gene in cultures
exposed for 1 h to the intensity indicated (part of the data were
published before [16,28]).
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Fig. 3. 1O2 was detected in the diﬀerent fractions of a Chlamydomonas thylakoid membrane suspension exposed to HL intensity of
1600 lmol m2 s1 or 0.3 lM RB at 120 lmol m2 s1 by EPR spin-trapping with the hydrophilic spin trap TEMPD. When indicated, 20 lM
DCMU and 100 lM bromoxynil, respectively, were added prior to illumination. Representative spectra are shown. In the presence of bromoxynil the
signal size was 140 ± 14% (n = 4) higher, with DCMU 50 ± 7% (n = 3) lower than in the absence of herbicides (100 ± 19%, n = 7).
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